Abstract
iNTRODUCTiON
The upper distributional limit of species on mountains is predominantly controlled by temperature, i.e. is set by physiological limits (Grabherr et al. 1994) . Thus, upper range margin shifts in species distributions (i.e. geographical occupancy) are expected under climate warming, with considerable evidence already supporting these broad predictions (e.g. Brusca et al. 2013; Cullen et al. 2001; Klanderud and Birks 2003; Holmgren and Tjus 1996; Kullman 1993; Kullman 2001 Kullman , 2002 Parmesan and Yohe 2003; Penuelas and Boada 2003; Penuelas et al. 2007; Wardle and Coleman 1992) . However, large differences in the magnitude and rate of response to climate warming are also expected, based on factors such as aspect, topography, substrate, land use history and species traits (e.g. Crimmins et al. 2011; Davis et al. 1998; Harrison et al. 2010; Morin and Lechowitz 2008; Noble 1993; Pearson and Dawson 2003; Renwick and Rocca 2015) .
Few empirical studies have tested the mechanisms that limit upper range margin migration of plants (Munier et al. 2010) . Hence, it remains unclear what abiotic and biotic factors, as well as species traits and population dynamics, constrain their ability to track regional climate shifts (Noble 1993; Fordham et al. 2013) . Obligate-seeders-plant species which are dependent on fire for mass recruitment-have life history traits that are likely to make them particularly vulnerable to rapid climate change (Keeley et al. 2005) . One problem these species face is that they rely on infrequent, episodic opportunities to regenerate (Gaston 2009 ); hence, their ability to track ongoing shifts in climate is temporally limited (Renwick and Rocca 2015) . In extreme cases, obligate seeders such as some Australian forest trees only recruit at multi-century scales (O'Dowd and Gill 1984; Ashton and Chinner 1999) . In such cases, long-distance seed dispersal will be necessary to track changing climate envelopes and to take advantage of rare (but potentially highly successful) recruitment opportunities (Renwick and Rocca 2015) . Another problem is that obligate seeders are also indirectly threatened by climate change as it affects fire frequency. Increasing temperatures, combined with more frequent opportunities for fire (Pitman et al. 2007; Flannigan et al. 2009 ), pose serious risks to those species with long primary juvenile periods (Gill and Bradstock 1995; Bowman et al. 2014; Enright et al. 2015) .
In south-eastern Australia, Eucalyptus delegatensis (Alpine Ash, Myrtaceae) forms mono-dominant forest stands on moist, fertile soils on steep mountain slopes at high altitude (Battaglia 1990) . Here, it is hyper-emergent over all other species, sequesters most of the carbon in the ecosystem and provides habitat for fauna. The upper distribution of the species (i.e. the timberline) is characterized by a sharp boundary where it grades into subalpine Eucalyptus pauciflora (Snow Gum) woodland over a decameter scale (Conn 1993) . This is thought to coincide with the 9°C isotherm and where the mean mid-winter temperature is about 0°C. Eucalyptus delegatensis is an obligate seeder, requiring fire for stand-level regeneration because seedlings are intolerant of deep shade conditions in unburned forests (Battaglia 1990; O'Dowd and Gill 1984) . Fire occurs at century to multi-century timescales (Williams et al. 2008) , with seedlings most vulnerable to abiotic stress during the first few years of establishment (Battaglia 1990) . Mean dispersal distance, based on seed mass, has been estimated at 25 m (Cremer 1977) , with field evidence supporting a limited dispersal capacity (Vivian et al. 2008) . As a result, the upslope migration of E. delegatensis is potentially limited by a multitude of dispersal and establishment factors that will affect the location of seedling establishment and subsequent growth. The relative importance of these abiotic and biotic factors has not been quantified, so it remains unclear how the species will respond to the regional climate warming that is currently being observed (Karoly and Braganza 2005) .
We use two lines of investigation to assess the potential of E. delegatensis to track regional changes in climate warming and to migrate upslope from the current timberline after fire. First, to determine the extent of upslope migration via seed dispersal, we quantify changes in the density of natural recruits at and above the timberline (the upper distribution of the species), seven years after stand-replacing fire in 2003. Here, climatic niche space has likely expanded since the last stand-replacing fires given that warming of 0.8°C has been recorded for the region since 1950 (Karoly and Braganza 2005) ; this equates to a thermal niche expansion of ~100 m elevation based on a lapse-rate of 0.77°C 100 m −1 (Brown and Millner 1989) . Second, we use a seedling transplant experiment 18 months after fire in 2009 to examine changes in seedling survival and growth, and thus, whether it is the environmental conditions above the timberline (i.e. microsite suitability, physiological limits), or dispersal limitation, that primarily restrict tree establishment beyond its current range.
MATERiALS AND METHODS

Study areas
Two geographic areas supporting mono-dominant E. delegatensis forest were selected for study. 
Transect study
The upslope advance of E. delegatensis was quantified at six field sites in 2010, seven years after fire, with three replicate transects at each site. Sites were selected on the basis that the 2003 fire intensity was sufficient to kill all mature individuals of E. delegatensis, and that each site possessed continuous forest cover without abrupt changes due to topography.
Three transects were established at each site, ~50 m apart, starting at the timberline and continuing 100 m upslope past the last sapling E. delegatensis encountered. As a consequence, transects varied in length. Sampling within transects occurred at 20 m intervals using the point-centred quarter method. Distances were recorded to the nearest sapling in each of four quarters, until no E. delegatensis were recorded in the upslope quarters, after which sampling intervals were doubled to 40 m to check that long-distance dispersal had not occurred. At each point, the distance to the four nearest post-fire saplings of E. delegatensis were recorded. Sapling E. delegatensis were defined as those individuals having germinated since the 2003 fires.
Transplant study
The ability of E. delegatensis seedlings to grow above the prefire distribution of mature individuals (upper timberline) was quantified at three boundary locations, each replicated six times. Plots were located (i) below (~50 m altitude), (ii) within (0 m) and (iii) above the timberline boundary (~100 m altitude above). Two age classes of seedlings-(i) <3 months old and (ii) ~18 months old-were used to determine how performance varied with initial age of plants. 'Seedlings' <3 months of age were grown from seed germinated in a glasshouse and then placed outside to harden two weeks prior to planting, while 18-month-old seedlings (hereafter, 'saplings') were excavated from the study site (having germinated naturally after the 2009 fires) and relocated to experimental plots.
Prior to planting, all vegetation was removed from 1 m 2 plots, exposing the mineral soil. This replicates the conditions found in the year after fire when seedlings germinate and establish. Planting took place over three days following snow melt in mid-September 2010. Each plot contained six seedlings and seven saplings. All plants were watered once immediately after planting. Survival and growth of all plants were monitored from October 2010 to March 2011, encompassing the majority of the first growing season. Growth was quantified by measuring changes in height. The maximum height of each plant was measured (to the nearest cm) immediately after planting, with subsequent measurements of each plant made at 10-30 day intervals.
To quantify whether an edaphic gradient existed across the boundary, at all planting locations we measured soil texture at the surface and at 10 cm via the hand-texture technique (Brady and Weil 2008) , depth to bedrock (by probing) and soil organic matter content via the loss on ignition method. The soil properties 50 m below, at (0 m) and 100 m above the Alpine Ash timberline were similar (Table 1) .
Data analysis
We built two hierarchical models to examine how timberline position influenced natural recruitment density and seedling and sapling growth rates. For both models we used Bayesian inference and fitted models with Markov chain Monte Carlo (MCMC) sampling in R 3.2.2 using package Rstan 2.8.1. For each model, three independent chains were executed. In all cases, modelled parameters converged within 2000 iterations. Convergence was assessed through both visual inspection of chains and reference to the Brooks-Gelman-Rubin convergence diagnostic (Brooks and Gelman 1998) . After discarding the first 2000 iterations as 'warm up', a further 2000 iterations were taken from the joint posterior. Below we describe the model structure, parameters and priors used in both models. Data and source code for reproducing analysis and figures is available at: https://github.com/jscamac/mountain_ash.
Modelling changes in recruitment density above the timberline
We were interested in determining how the density of natural recruitment changed with distance from the timberline. However, our observations, y i , were not of densities but rather i distances within k point-centred quarters, with some distances (~20%) censored as >20 m. We estimated densities by first modelling distances to nearest seedling as a function of timberline position and random effects for site, transect and point.
Specifically, we first modelled the observed (non-censored) distances, for each quarter i, as random realizations from lognormal distribution:
where, ŷ i is the expected log distance for each quarter i, and σ obs is the standard deviation of the observation error Organic matter content (%) 26.8 ± 1.9 24.6 ± 2 25.6 ± 1. (estimated using prior see below Here, the intercept term, α j [i] represents the average log distance at the timberline (i.e. when position = 0) to nearest sapling for the j th site within which distance i is located. It is estimated from a normal distribution centred on µ site (the grand mean of log distances to nearest sapling across sites at the timberline) with a standard deviation, σ site , which defines the variation in mean log distances variation between sites at the timberline. The parameter β 1 is defines the effect of distance from timberline. The terms
represent residual variation at each transect, l, and at each plot, k, that distance i is associated with, respectively. Both error terms were drawn from normal distributions centred on zero with standard deviations that defined the variation amongst transects, σ tran , and amongst plots, σ plot , respectively.
All standard deviation parameters (σ obs , σ site , σ tran , σ plot ) were estimated from weakly informative positive half Cauchy priors with scale parameters of 25. We used these Cauchy priors in order to prevent over-inflated estimates of variances due to the small number of plots and species (Gelman 2006) . The parameters β 1 and µ site were estimated using informative normal prior distributions with a mean of 0 and a standard deviation of 2.5. This prior encapsulated our prior knowledge that distances to nearest sapling were unlikely to be greater than 150 m.
Censored distances were estimated simultaneously using the parameters as described above but with the lognormal distribution truncated at the censored level of 20 m:
This meant that the model would only estimate distances above 20 m for those observations. In order to plot the effect of distance from timberline on sapling density, we used the model described above to predict distances from 0 to 220 m above timberline for the average site and then converted them to densities per m 2 using the fol- 
Modelling growth rates at different timberline positions
For the purpose of modelling glasshouse seedling and transplanted sapling annual growth rates below, at and above the timberline we modelled measured heights, height it , for each individual i at each census t, as a random realization from a normal distribution truncated at zero:
where height it  is the estimated maximum height for each individual i at each census t and σ obs is the standard deviation of the observation error. The parameter height it  was estimated using a logistic parameterisation of the unified Richards equation (Tjørve and Tjørve We used a logistic equation because it can simulate sigmoidal growth. That is, a curve whereby initial seedling growth is slow before increasing in speed and finally levelling off when adult height is reached. We used this particular parameterisation because it accounts for seedling size at the beginning of an experiment and contained biologically interpretable parameters. Here, Hmax is the asymptotic height: the maximum height an individual of this species can achieve. Here, we fixed this parameter as 5000 cm (i.e. 50 m) the maximum observed height for the species. Hinit i is the height of individual i at the start of the study (i.e. When Days = 0). Days t is the number of days from the beginning of the study to each census t. Censuses occurred on days 0, 9, 36, 70, 100 and 126. We divide the number of days at each census by 365.25 in order to estimate annual growth rates. The parameter of interest, R i , is the mean annual growth rate constant for each individual i. This parameter controls the slope at inflection (i.e. what is the maximum slope or how sigmoid the curve is). We modelled R i using a varying intercept linear model: and ε i define the variation amongst k transects and individuals, respectively.
We estimated the intercept terms α j using vague normal prior distributions with a mean of 0 and a standard deviation of 100. Standard deviations for observation, σ obs , transect, σ tran , and individual σ ind were estimated from positive half Cauchy priors with a scale of 25 (Gelman 2006) .
We fitted the above model to glasshouse seedlings and transplanted saplings separately to examine whether responses to timberline differed between the two. Bayesian credible intervals of mean growth rates at each timberline position, α j , were then compared to determine whether significant differences were present.
RESULTS
Patterns of establishment in the field after wildfire
Minimal upslope advance of E. delegatensis occurred after stand-replacing fire in 2003. Mean sapling density at 7 years after fire, modelled from point-centred quarter data that estimated distance to nearest plant, was highest nearest the timberline (Fig. 1) . With increasing distance from timberline, there was a much lower density of saplings, with no plants occurring more than 140 m (in linear distance) from the timberline. Variability in sapling density was highest at the site level, then at the transect level. The average slope at transects was ~5°, meaning that the elevational difference at soil level between the upper-most pre-fire trees and upper-most postfire saplings was estimated to be <10-15 m.
Mortality and growth of experimental plantings
Mortality of both seedlings and saplings after one growing season was low (0-14%) and non-directional with regard to position relative to boundary (data not shown). Mean effect size for growth was no different across locations, being positive at all locations (Figs. 2 and 3 ). The growth rates of saplings, however, were lower than that of seedlings across the summer study period (Figs. 2 and 3 ).
DiSCUSSiON
We found evidence that the upper range margin of E. delegatensis increased by up to 15 m in elevation after stand-replacing fires in 2003, with the vast majority of the sapling recruitment occurring within just a few metres of seed-bearing trees at timberline (i.e. in the seed dispersal shadow). Hence, the seedling recruitment that occurs en masse to re-establish the species after fire did not result in a migration of the timberline, nor did the species fully occupy the climatic niche space that has likely expanded over the 20th century given the regional warming of 0.8°C that has been recorded since 1950 (Karoly and Braganza 2005) . Such limited establishment above timberline boundaries is consistent with the outcomes observed for many tree species of mountains from the southern hemisphere (e.g. Cullen et al. 2001; Wardle and Coleman 1992) , and eucalypts more specifically (e.g. Ashton 1981 Ashton , 2000 Green 2009; Noble 1993) . Some E. delegatensis saplings did establish well-beyond the timberline (up to 140 m in linear distance), but these trees hardly constitute a timberline advance. Rather, these can be considered outpost trees, much like the trees seen well-above alpine treelines (Penuelas et al. 2007 ). While outpost trees may act as nuclei for expansion into alpine vegetation where they facilitate sapling establishment (i.e. positive feedbacks), this is unlikely for E. delegantensis in subalpine areas given the species recruits only after fire, limiting its ability to expand its numbers in the inter-fire period.
The limited altitudinal advance of E. delegatensis timberlines in the Mount Hotham region after wildfire (i.e. up to 15 m), despite the successful survival and growth of two size classes of seedlings planted at elevations 100 m above the timberline at Lake Mountain, suggests that E. delegatensis is primarily limited by its ability to disperse seed into suitable habitat rather than by regeneration niche (Grubb 1977) or physiological limitation (Donohue et al. 2010) . Seeds of E. delegatensis are dispersed by gravity, with a mean dispersal distance of 25 m being reported by Cremer (1977) . At Lake Mountain, we found no evidence that edaphic conditions differed significantly above and below timberline, further supporting the hypothesis that dispersal limitation is a key factor regulating the species' establishment patterns after fire. Hence, it is highly likely that seed traits modulate the response of this species to environmental gradients in these areas, and global change more generally.
The inferences we draw from these two lines of investigation, however, do have some limitations. Transplant survival and growth was monitored across just one growing season at Lake Mountain and it may be that the winter environment strongly controls timberline position by differently affecting seedling mortality according to landscape position (Korner 2016; Renard et al. 2016) . This requires further investigation to ascertain the relative importance of growing season versus non-growing season mortality drivers. The sapling survey we conducted at Mount Hotham was conducted >6 years after fire-time enough for strong selection of seedlings during the recruitment phase-so that recorded tree occurrences were a product of both dispersal and establishment filters. Hence, it may be that while dispersal does play a crucial, limiting role on timberline advance, as we suggest, this occurs in concert with aspects of the environment not tested here (i.e. non-growing season factors such as frost and snow cover duration).
The outcomes of our transplant study, however, where we tease out the importance of dispersal versus microsite or physiological limitation on upslope tree regeneration of two size classes of seedlings in the environment across one growing season, are similar to others investigating upslope establishment of trees in mountainous regions. Ferrar et al. (1988) found reduced height of E. pauciflora seedlings transplanted above treeline had no effect on survival. Similar findings were also observed by Munier et al. (2010) who planted Picea mariana above the treeline. Both studies concluded that establishment and growth above the boundary were possible despite the lack of observed migration and attributed this to seed dispersal limitations. While we observed differences in growth rates of the two size classes (seedlings grew faster than saplings), perhaps because transplants were subject to transplant shock, both showed similar growth responses to increasing elevation, with rates of sapling growth upslope of the existing timberline not constrained by the growing season environment.
Unlike many mountain species elsewhere, E. delegatensis is not capable of establishment during favourable growth conditions in the inter-fire period, even if occasional long-distance seed dispersal is possible. Seed predation by ants (O'Dowd and Gill 1984) and an intolerance of low light (Ashton and Turner 1979) limit successful regeneration to the immediate post-fire period. Thus, recruitment after fire represents the only migration opportunity for stands in mountain regions, severely reducing the species' capacity to track ongoing changes in climate. Given IPCC (2007) projections of a 1.4-3.8°C rise in temperature over the next century for south-eastern Australia, which equates to a potential altitudinal rise equivalent to 200-500 m based on a lapse-rate of 0.77°C 100 m −1 (Brown and Millner 1989) , the limited advance of the timberline observed after the 2003 fires suggests that E. delegatensis will not occupy its full (upper, low temperature) climatic niche under a future climate, hinting that in situ resilience to warming will be the main means of coping with climate change in the medium-term.
Although the direct effects of climate change pose a serious threat to the survival of E. delegatensis over a century timescale, indirect effects may represent a more immediate threat (Flannigan et al. 2009 ). In particular, changes to the fire regime may have serious implications for the local persistence of E. delegatensis (Bowman et al. 2014) , and obligate seeders more generally (Enright et al. 2015) . The primary juvenile period of E. delegatensis is estimated to be 25-30 years (O'Dowd and Gill 1984) . A short fire-return interval may kill regenerating juveniles before adequate canopy storage of seed has occurred, resulting in local extinction (Enright et al. 2015) . Such seed limitation has been termed the 'immaturity risk' (Keeley et al. 2005) and its impacts have already been observed in southern Australia; stands in the Mount Hotham region were burnt in 2003 and again in 2006 and 2012 as a result of ongoing severe drought, resulting in almost complete loss of sapling E. delegatensis (Bowman et al. 2014) . Given the limited capacity, we have observed for dispersal and/or sapling establishment of E. delegantensis, it is highly unlikely that recovery of such forests can occur from recolonization from unburnt stands. Indeed, active re-forestation by aerial seeding may be the only way to recover the species, although this approach may have questionable long-term value if rapid fire-return intervals become the 'norm' (Enright et al. 2015) . Thus, rather than tracking its climatic niche upslope as predicted, E. delegatensis may become restricted to sheltered gullies and moist slopes where the probability of recurring fire is decreased (Camp et al. 1997 ).
CONCLUSiONS
We found that montane upper timberline boundaries remain remarkably stable after fire, despite regional warming, providing empirical evidence that such models are simplistic. Life history traits, particularly fire-cued mass germination and limited seed dispersal, are thought to be of primary importance in determining the potential of E. delegatensis to respond to climate warming, making the species vulnerable to century-scale increases in temperature. While species distribution forecasting models are now incorporating elements of plant biology (e.g. Fordham et al. 2012; Swab et al. 2012) , it is clear that greater inclusion of life history traits in scenario modelling will improve their ability to identify those species most 'at risk' of future changes in the climate (Fordham et al. 2013) .
